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Abstract
Thermoelectric devices provide the means for direct conversion between heat and electricity. The device
conversion efficiency, or performance, is directly related to the thermoelectric figure of merit, ZT, of the
working materials. Bismuth telluride alloys are the materials currently in use in most thermoelectric devices
for near room temperature solid-state refrigeration and power conversion applications. The vast majority
of publications in the literature on thermoelectricity report on investigations towards developing new
materials with enhanced thermoelectric properties, however Bi2Te3 alloys have been used in thermoelectric
devices for decades.
In this thesis, an investigation of crystallographic texturing on large grain polycrystalline n and p-type
Bi2Te3 alloys, and the effect of texturing on the transport properties, is discussed. Bi2Te3 is a layered
material, and since the arrangement of atoms in the structure leads to strong anisotropy the role of texturing
continues to be of primary importance for optimum device performance using these materials. Texturing
both parallel and perpendicular to the growth direction of polycrystalline n and p-type Bi2Te3 alloys
synthesized from the melt will be described. The texture-thermoelectric property relationships are described
in detail. These materials are highly textured with superior thermoelectric properties compared to similar
polycrystalline materials with randomly oriented grains.

v

Chapter One:
Introduction
1.1

Introduction to Thermoelectricity

The study of thermoelectricity formally began in the early 1800s with the discovery of three thermoelectric
effects [1]. Thomas J. Seebeck in 1821 discovered that a circuit made from two dissimilar metals, with
junctions held at different temperatures, would deflect a compass magnet. This phenomenon known as the
Seebeck effect was earlier observed by Alessandro Volta in metal-electrolyte thermocouple in 1794 [2,3].
Based on the Seebeck effect, a thermocouple functions as a simple generator causing electric current to
flow in the circuit with power being delivered to an external load. In 1834 Jean C. A. Peltier discovered an
effect now known as the Peltier effect, where electric current passing through a thermocouple generates
heating and cooling at the junctions. Flowing charge in the circuit carries heat from one end of the material
to the other, effectively cooling one junction and heating the other. In 1851 William Thomson (Lord Kelvin)
described the heating or cooling produced when current flows through a material (i.e. a current-carrying
conductor) that has a temperature gradient. Thus, there is heat generation or absorption within each segment
of the thermocouple when current flows when there is a temperature gradient. This is referred to as the
Thomson effect. Between 1821 and 1851, the basic effects we now define in thermoelectricity were
discovered and understood macroscopically, including their applications to the measurement of temperature
(thermometry), power generation, heating, and cooling [4]. In the four decades from 1911 to 1950, detailed
theoretical and experimental descriptions of thermoelectric effects were reported including, Altenkirch’s
derivations, the microscopic understanding of thermoelectricity and the development of the thermoelectric
materials currently in use [4–10].
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Thermoelectricity is the direct conversion of a temperature difference to a voltage difference, and vice
versa, therefore materials with good thermoelectric transport properties are sought to achieve desired high
conversion efficiency. The conversion efficiency of current thermoelectric devices is relatively low
(~ 10 %) and limits their practical applications [11–14]. Figure 1 shows ZT for certain thermoelectric
materials at low, moderate, and high temperature regimes, including alloys of Bi2Te3, PbTe and SiGe, all
with ZT ~ 1 at their optimal temperatures. Various novel material processing methods and ZT enhancement
strategies have also been adopted, however, these materials are up to now only of academic importance [3].
Thermoelectrics research in the 21st century continues to be primarily driven by the search for new
materials with superior thermoelectric properties, although thermoelectric enhancement strategies for
existing materials are also of interest [15–21]. In recent years there has been a renewed interest in
thermoelectrics and thermal management, particularly due to the growing demand for green energy
generation. The competitive advantages of thermoelectric devices include compactness, solid state
operation, no moving parts, silence, localized heating or cooling and reliability.

Figure 1. ZT vs. T of the thermoelectric materials used in commercial devices and a few new thermoelectric
materials. Reprinted with permission from reference [12]. Copyright 2011 Springer Nature.
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1.1.1

Thermoelectric Coefficients

The behavior of a thermocouple in a thermoelectric circuit depends on Seebeck, Peltier and Thomson
coefficients. Consider two different conductors (wires A and B) joined to form two junctions. If a
temperature difference is created between the junctions (where 𝑇𝐻 > 𝑇𝐶 ) as shown in Figure 2, a voltage
difference forms between the two segments. The voltage difference, V, is proportional to the temperature
difference. Under open circuit conditions [4,22]
𝑉 = 𝛼𝐴𝐵 ∆𝑇,

(1.1)

where 𝛼𝐴𝐵 is the Seebeck coefficient. The direction of current flow depends on the free electron number
density in wires A and B, noting that electrons diffuse from the hot region to cold region. For example, if
A and B are Bi and Cu, respectively, the temperature difference would drive an anti-clockwise current in
Figure 2.
In contrast, an electric current imposed in the thermocouple, as shown in Figure 3, will absorb heat at one
end and liberate heat at the other junction. The Peltier heat absorbed or liberated is directly proportional to
the current flow [4,22]
𝑄̇ = 𝜋𝐴𝐵 𝐼,

(1.2)

where 𝜋𝐴𝐵 is the Peltier coefficient.

Wire A
TH

TC
Wire B

-

+

Wire B

Figure 2. Basic thermocouple with junctions held at different temperatures.
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Wire A
Cooling

Heating
Wire B

- +
Voltage

Wire B

Figure 3. Basic thermocouple with a voltage source.
The temperature rises at the junction when current flows from B (Cu) to A (Bi) and the temperature falls at
the junction where current flows from Bi to Cu (see Figure 3).
The Thomson’s effect for heat generation or absorption in a current-carrying conductor with a temperature
gradient is smaller compared to the Peltier effect and given by [4,22]
𝑄̇𝑇ℎ𝑜𝑚𝑠𝑜𝑛 = −𝜏𝐴𝐵 𝐼∇T,

(1.3)

where 𝜏𝐴𝐵 is the Thomson’s coefficient. Although the three effects (Seebeck, Peltier and Thomson) known
as the thermoelectric effect were independently discovered they are interdependent. Kelvin derived the
relationship between the three thermoelectric coefficients that were later confirmed by experiments. These
relationships, Equations (1.4) and (1.5), also indicate that the Peltier and Thomson coefficients can be
obtained from the Seebeck coefficient, which is relatively easily measured [22–24]. The Kelvin relationship
also holds for the absolute thermoelectric coefficients [4].
𝜋𝐴𝐵 = 𝛼𝐴𝐵 𝑇
𝜏𝐴𝐵 =

𝑑𝛼𝐴𝐵
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𝑑𝑇

𝑇

(1.4)
(1.5)

1.1.2

Thermoelectric Fundamentals

Consider a metal as shown in Figure 4. The conductor is maintained at thermodynamic equilibrium in
Figure 4(a), where the current density and electric field in the conductor are both zero. The conductor is
also assumed homogeneous so that the chemical potential of the conduction electrons is constant throughout
the body [25]. If the conductor is non-uniformly heated, electrons diffuse from the hot end (red) to the cold
end (orange) inducing the voltage difference shown in Figure 4(b). In addition, each electron carries with
it certain thermal energy. Primarily based on the work of Seebeck, Thomson, Kelvin and Onsager, the
fundamental transport relationships related to the thermoelectric phenomena are [22,25]

𝑑𝑆
𝑑𝑡

𝐸⃗ = 𝑗/𝜎 + 𝛼∇𝑇,

(1.6)

𝑞 = 𝛼𝑇𝑗 − 𝜅∇𝑇,

(1.7)

𝑗

= ∫( +
𝜎𝑇

𝑘∇𝑇
𝑇2

) 𝑑𝑉 > 0

(1.8)

and
−∇. 𝑞 +

e-

e-

ee-

e-

e-

e-

e-

ee-

e-

𝐶𝑝 𝜕𝑇
𝜎 𝜕𝑡

.

(1.9)

e-

e-

e-

e-

e-

ee-

+ 𝑗. 𝛼∇𝑇 =

e-

ee-

𝜎

e-

e-

e-

𝑗2

e-

e-

e-

e-

(a)

ee-

ee-

e-

e-

e-

e-

e-

e-

e-

ee-

ee-

ee-

e-

e- e-

(b)

Figure 4. Schematic illustration of (a) a uniform distribution of electrons in a metal in thermodynamic
equilibrium, and (b) electrons diffuse to the cold region in a non-uniformly heated metal.
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Equation (1.6) gives the relationship between the electric field 𝐸⃗, current density, 𝑗, and temperature
gradient, ∇𝑇, where 𝜎 and 𝛼 are the electrical conductivity and Seebeck coefficient, respectively, indicating
that for a non-uniformly heated metal the field 𝐸⃗ is not zero even if the current is zero. The energy flux
density (heat flux), 𝑞, in Equation (1.7) indicates that the heat flux is a linear function of 𝐸⃗ and ∇𝑇, where
𝜅 is the thermal conductivity. The condition that the rate of change of the total entropy of the conductor be
positive is given in Equation (1.8) and directly indicates that 𝜎 and 𝜅, unlike 𝛼, must be positive. Equation
(1.9) is the general heat diffusion equation, where 𝐶𝑝 is the isobaric heat capacity at constant pressure.
Equations (1.6) - (1.9) require modification for an anisotropic material such as Bi2Te3 (materials
investigated and reported in this thesis) for which the direction of 𝑗 and 𝐸⃗ are in general different. Thus
𝐸⃗𝑖 = 𝜎𝑖𝑘 𝑗𝑘 + 𝛼𝑖𝑘 𝜕𝑇⁄𝜕𝑥

(1.10)

𝑘

and
𝑞𝑖 − ∅𝑗𝑖 = 𝑇𝜎𝑘𝑖 𝑗⃗⃗⃗𝑘 − 𝜅𝑖𝑘 𝜕𝑇⁄𝜕𝑥 ,
𝑘

(1.11)

where the quantities 𝜎𝑖𝑘 , 𝜅𝑖𝑘 form a tensor of rank 2, the electrical and thermal conductivity tensor
respectively, which are both symmetrical, and 𝛼𝑖𝑘 is the thermoelectric Seebeck tensor, rank 2, that is in
general not symmetrical [25].

1.1.3

Thermoelectric Refrigeration, Efficiency

Thermoelectric coolers provide solid state refrigeration (cooling) based on the Peltier effect. Consider a
thermoelement in a circuit as shown in Figure 5. Electric current passed through the thermoelement
generates heating and cooling based on the Peltier effect. Noting Equation (1.7), the rate at which heat is
removed from the source at temperature 𝑇𝐶 is given by

6

TC
Active cooling

Lp
Ln
Heat rejection

TH

Figure 5. Schematic of a thermoelectric thermocouple comprised of n and p-type semiconductors. In a
device there are many thermocouples that are electrically connected in series and thermally in parallel.
𝑄𝐶̇ = (𝑄𝑝 + 𝑄𝑛 )|𝑥=0 ,

(1.12)

where
𝑄𝑝̇ = 𝛼𝑝 𝑇𝐶 𝐼 − (𝜅𝐴

𝑑𝑇

| )
𝑑𝑥 𝑥=0 𝑝

(1.13)

and
𝑑𝑇

𝑄𝑛̇ = −𝛼𝑛 𝑇𝐶 𝐼 − (𝜅𝐴 𝑑𝑥 |𝑥=0 )𝑛 .

(1.14)

Assuming the electrical and thermal contacts are negligible and there is no heat loss via radiation and
convection at the surfaces, which is referred to as the ideal case,
𝑑𝑇

𝑑𝑇

𝑄𝐶̇ = (𝛼𝑝 − 𝛼𝑛 ) 𝑇𝐶 𝐼 − (𝜅𝐴 𝑑𝑥 |𝑥=0 ) − (𝜅𝐴 𝑑𝑥 |𝑥=0 )𝑛 .
𝑝

To determine the quantity

𝑑𝑇

| ,
𝑑𝑥 𝑥=0

(1.15)

we consider a special case of steady state heat diffusion so that

Equation (1.9) becomes
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∇. (𝜅∇T) +

𝑗2
𝜎

𝑑𝛼

− 𝑇 𝑑𝑇 𝑗. ∇𝑇 = 0,

(1.16)

and
𝑑
𝑑𝑥

(𝜅A

𝑑𝑇
𝑑𝑥

)+

in the assumption that 𝛼 is temperature independent.

𝐼2
𝜎𝐴

=0

(1.17)

From the boundary conditions 𝑇 = 𝑇𝐶 𝑎𝑡 𝑥 =

0 and 𝑇 = 𝑇𝐻 𝑎𝑡 𝑥 = 𝐿,
𝑑𝑇

|
=
𝑑𝑥 𝑥=0

𝑇𝐻 − 𝑇𝐶
𝐿

+

𝐼 2𝐿2
2𝜅𝜎𝐴2 𝐿

.

(1.18)

Therefore, Equation (1.15) becomes
1

𝑄𝐶̇ = (𝛼𝑝 − 𝛼𝑛 ) 𝑇𝐶 𝐼 − 2 𝐼2 (

𝜌𝑝 𝐿𝑝
𝐴𝑝

𝜌𝑛 𝐿𝑛

+

𝐴𝑛

)−(

𝜅 𝑝 𝐴𝑝
𝐿𝑝

+

𝜅 𝑛 𝐴𝑛
𝐿𝑛

) (𝑇𝐻 − 𝑇𝐶 ).

(1.19)

The cooling power at the heat source can be expressed as
1

𝑄𝐶̇ = 𝑚[𝛼 𝑇𝐶 𝐼 − 𝐼2 𝑅 − 𝜅∆𝑇],
2

(1.20)

where m is the number of thermocouples in the thermoelectric module and
𝛼 = 𝛼𝑝 − 𝛼𝑛 ,
𝑅=

𝑘=

𝜌𝑝 𝐿𝑝
𝐴𝑝

𝜅 𝑝 𝐴𝑝
𝐿𝑝

+

+

𝜌𝑛 𝐿𝑛
𝐴𝑛

(1.21)

,

𝜅 𝑛 𝐴𝑛
𝐿𝑛

(1.22)

(1.23)

and
∆𝑇 = 𝑇𝐻 − 𝑇𝐶 .
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(1.24)

Equations (1.22) and (1.23) are a consequence of the fact that the n and p-type semiconducting legs, as
shown in Figure 5, are electrically in series and thermally in parallel. The rate of heating at temperature 𝑇𝐻
is similarly described as in Equations (1.12) to (1.20) so that
1

𝑄𝐻̇ = 𝑚[𝛼 𝑇𝐶 𝐼 + 𝐼2 𝑅 − 𝑘∆𝑇],

(1.25)

2

and the power consumption of the thermoelectric device is therefore
𝑊̇ = 𝑄̇𝐻 − 𝑄̇𝐶 = 𝑚[𝛼𝐼∆𝑇 + 𝐼2 𝑅].

(1.26)

The above terms represent (i) the work done against the Seebeck voltage and (ii) the Joule Power. It directly
follows that the cooling efficiency, also known as the coefficient of performance (COP), of the
thermoelectric refrigerator is given by

𝜂𝑅 =

𝑄𝐶̇
𝑊̇

1

=

𝛼 𝑇𝐶 𝐼−2𝐼2 𝑅−𝑘∆𝑇
𝛼𝐼∆𝑇+ 𝐼2 𝑅

.

(1.27)

The following maxima can be defined:
i)

The maximum cooling power occurs for
𝐼 = 𝐼𝑄̇𝐶𝑚𝑎𝑥 =

𝛼 𝑇𝐶
𝑅

(1.28)

so that the maximum cooling power
1
𝑄̇𝐶𝑚𝑎𝑥 = 𝑚𝑘[ 𝑇𝐶 2 𝑍 − ∆𝑇 ],
2

(1.29)

where
𝛼2

𝑍 = 𝑅𝑘 .

(1.30)

The corresponding COP is therefore

′

𝜂𝑐 =

1 2
𝑇 𝑍− ∆𝑇
2 𝐶

𝑇𝐻 𝑇𝐶 𝑍

.

(1.31)

𝑍.

(1.32)

ii) The maximum temperature difference is
∆𝑇 𝑚𝑎𝑥 =
9

1

𝑇
2 𝐶

2

iii) The maximum COP occurs for
𝛼∆𝑇

𝐼 = 𝐼𝜂𝑚𝑎𝑥
=
𝐶

,

(1.33)

𝑅(𝑇𝑚 𝑍+1)1/2 − 1

where
𝑇𝑚 = (𝑇𝐶 + 𝑇𝐻 )/2,

(1.34)

so that the maximum COP is
1

𝜂𝑅 𝑚𝑎𝑥 =

1.1.4

𝑇𝐻
]
𝑇𝐶
1
(𝑇𝐻 − 𝑇𝐶 )[(𝑍𝑇𝑚 +1)2 + 1]

𝑇𝐶 [(𝑍𝑇𝑚 +1)2 −

.

(1.35)

Thermoelectric Generator, Efficiency and Device ZT

A thermoelectric generator provides electric voltage based on the Seebeck effect. A schematic of a
thermoelement is shown in Figure 6. The operation of the thermoelectric generator can be similarly
analyzed with modifications of Equations (1.12) to (1.35), where the efficiency of a thermoelectric
generator for power conversion (defined as the ratio of the output power to the heat absorbed at the hot
junction) is [6,22,26]
𝑇

𝜂𝐺 =

𝑅

(1− 𝑇 𝐶 ) 𝑅𝐿

𝐻
𝑇𝐶
𝑇
𝑅𝐿
𝑅 2
1
1
(1− 𝑅 )−2(1−𝑇 )+2𝑍𝑇 (1− 𝑅𝐿 ) (1 + 𝑇 𝐶 )
𝑚
𝐻
𝐻

(1.36)

with the maximum given by

𝜂𝐺 𝑚𝑎𝑥 = (1 −

𝑇𝐶

)

√1+𝑍𝑇𝑚 −1

𝑇𝐻 √1+𝑍𝑇𝑚 + 𝑇𝐶
𝑇

𝐻

10

.

(1.37)

TH
Heat source

Heat sink

TC

Figure 6. Schematic of a thermoelectric generator thermocouple comprised of n and p-type
semiconductors. In a device there are many thermocouples that are electrically connected in series and
thermally in parallel.
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Figure 7. Conversion efficiency of a thermoelectric generator for different values of ZT based on the
ideal case as given in Equation (1.37).

11

1000

2.00

160

(a)

TH = 300 K

1.50

TH = 300 K

120
100
max

1.25

(b)

140

ZT = 0.5
ZT = 1.0
ZT = 1.5
ZT = 2.0

1.00

T

Efficiency, R

max

1.75

ZT = 1.5

80

0.75

60

0.50

40

0.25

20

0.00

0

0

10

20

30

40

50

60

70

80

90

100

2x10-3

0

4x10-3

6x10-3

8x10-3

10x10-3

Z (K-1)

Temperature difference, TH - TC (K)

Figure 8. (a) Efficiency of a thermoelectric cooler for different values of ZT based on the ideal case as
given in Equation (1.35) and (b) the maximum temperature difference versus Z based on the ideal case as
given in Equation (1.32).

The Carnot cycle efficiency for the thermoelectric cooler and the thermoelectric generator is (𝑇

𝑇𝐶

𝐻

(Equation (1.35)) and (1 −

𝑇𝐶
𝑇𝐻

− 𝑇𝐶 )

) (Equation (1.37)), respectively.

From the definition of Z (Equation (1.30)) and by substituting Equations (1.21), (1.22) and (1.23),

𝑍=

(𝛼𝑝 − 𝛼𝑛 )2
1

1

,

(1.38)

[(𝜌𝑝 𝜅𝑝 )2 + (𝜌𝑛 𝜅𝑛 )2 ]2

where both the length and cross-sectional area is taken to be identical for the n-type and p-type legs of the
thermoelectric module, as well as for similar material constants. A material thermoelectric performance is
therefore suitably characterized by the dimensionless thermoelectric figure of merit ZT,

𝑍𝑇 =

𝛼2 𝜎
𝜅

𝑇,

(1.39)

Invariably, an ideal material for thermoelectric applications will have good electrical properties (large
𝛼 2 𝜎, known as the power factor) together with poor heat conduction (low 𝜅).
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1.1.5

Thermoelectric Materials Guidelines and Selection Criteria

The significance of ZT of a material for thermoelectric power conversion or cooling applications is directly
evident from Equations (1.35) and (1.37), and Figures 7 and 8. The phonon-glass electron-crystal concept
first proposed by Slack [27], whereby electrons are minimally scattered, as in a highly pure crystalline
material, and phonons are highly scattered, as in an amorphous material, has been a significant innovation
and current driver in the field of thermoelectrics [17]. Moreover, materials with higher thermoelectric
conversion efficiency are necessary if thermoelectricity will address further practical applications. A brief
review of existing guidelines to identify better thermoelectric materials are discussed below. Some of the
approaches are related mainly to the electronic transport properties and others focus on the exceptionally
low lattice thermal conductivity requirement of thermoelectric materials.
1.1.5.1 Period from 1950 - 2000
i.

The best thermoelectric materials are heavily doped semiconductors (carrier concentration, n = 1019
– 1020 cm-3) [4,28,29]. The thermoelectric parameters (Seebeck coefficient, electrical and thermal
conductivity) depend on n, as shown in Figure 9 assuming a single parabolic band model, and it
turns out that carrier concentrations of 1019 to 1020 cm-3 maximizes the power factor. Low 𝜅
materials are desirable for high ZT value and increasing 𝜎 via increase in n would in general lead
to higher 𝜅 and lower S. The Wiedemann-Franz relation is typically used to provide the relation
between the electronic contribution to 𝜅 and 𝜎 for a material at a given temperature,
𝜅𝑒 = 𝐿𝜎𝑇,

(1.40)

where L is the Lorentz number. The ideal Lorentz number can be expressed as
𝐿=

𝜋 2 𝑘𝐵 2
( ) ,
3 𝑒

(1.41)

where 𝑘𝐵 is the Boltzmann’s constant and 𝑒 is the electron charge. When n for a given material is
optimized for example via doping, 𝜎 may only be further enhanced by higher carrier mobility.
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Figure 9. Optimal transport properties of materials for thermoelectric applications.

ii.

“10K 𝐵 rule”: Good thermoelectric materials should have band gap, Eg, of about 10KBTop
(~0.0008617 Top), where Top is the operating temperature. In general, the small band gap leads to a
higher carrier mobility [28,30]. However, if this band gap is too small the thermal excitation of
minority carriers will have an adverse effect on ZT. Moreover 𝜎 of a semiconductor is limited by
Eg.

iii.

High carrier effective mass: 𝑍 𝛼 𝜇(𝑚 ∗ )3/2 , ultimately, it is desirable to maximize both 𝑚 ∗ and 𝜇.
Good thermoelectric materials are considered likely to be multivalley semiconductors for which
𝑚 ∗ can be increased without a significant negative effect on 𝜇 and a high symmetry crystal structure
is necessary to produce such bands [30–32].

iv.

Small electronegativity difference between constituent elements:

The electronegativity is a

measure of the bonding in a material, with higher electronegativity differences indicating ionic
bonding (large charge transfer). Strong scattering of electrons by phonons leads to low carrier
mobilities for the compounds with large electronegativity difference. On the other hand, high 𝜇,
good for thermoelectrics, are observed in materials composed of elements with similar values of
electronegativity [6,30].
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v.

Heavy constituent elements: The simple yet useful relation for the lattice component of the thermal
1

conductivity is 𝜅𝑙 = 𝐶𝑣 𝜐𝑠 𝑙, where 𝐶𝑣 is the heat capacity per unit volume, 𝜐𝑠 is the velocity of
3

sound and 𝑙 is the mean free path of the heat carrying phonons. Heavy atoms lead to small 𝜐𝑠 and
corresponding low 𝜅 [30,33].
vi.

Compounds with complex structures and many atoms per unit cell tend to have low 𝜅𝑙 [3,29,30].

vii.

Compounds that have crystal structures in which ions are highly coordinated tend to have relatively
lower 𝜅, as established by comparison of 𝜅 data of over 200 semiconductor materials [30].

viii.

Low 𝜅 is observed for compounds in which one or more atoms per unit cell are loosely bound and
“rattle” in an oversized cage. Such rattler, which resonantly scatter acoustic phonons can
significantly reduce the mean free path of heat carrying phonons [30,34].

While the above guidelines describe most of the good thermoelectric materials, some relatively new and
emerging materials exhibit good thermoelectric property that defy the above rules.
1.5.1.2 Period from 2000 – Date
ix.

Materials with atypical transport: Many studies that focus on thermoelectric materials adopt
thermoelectric enhancement strategies, such as nanostructuring, that lead to lower 𝜅 while other
studies investigate materials with unique structural features that lead to strong scattering of
phonons. Some of these materials include i) AgPb18SbTe20 and Na0.95Pb20SbTe22: the formation of
nanocrystals from the I+ and III3+ cation inside the structure of PbTe lead to low 𝜅 (~ 1 W/ m-K)
with reported ZT ~ 1.7 at 700 K [35–39], ii) SnSe: Ultralow thermal conductivity (0.2 W/ m-K at
973 K) is reported that is related to a very high Grüneisen parameter for the compound, indicating
strong anharmonic and anisotropic bonding with ZT in the favorable direction ~ 2 at 923 K [38,40],
iii) skutterudites: eg. Sr0.6Yb0.03Co4Sb12 with ZT ~ 1.75 at 700 K [39,41] and iv) clathrates materials:
eg. Ba8Ga16Ge30 with ZT ~ 1.32 at 850 K [39,42].
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x.

Intrinsically low 𝜅 materials: Certain materials that show relatively good electronic properties may
possess intrinsically low 𝜅. An example is the relatively new thermoelectric quaternary
chalcogenide I2-II-IV-VI4 with the kesterite crystal structure (where I=Cu or Ag, II=Zn or Cd,
IV=Si, Ge or Sn, and VI=S, Se or Te), with band gap ~ 1 eV some of these materials show
promising thermoelectric transport properties [43–45]. For example, Cu2ZnSnSe4 displays a ZT of
0.9 at ~ 800 K [46]. For these quaternary chalcogenides, the intrinsically low 𝜅 arises from specific
bonding scheme in the structure that can effectively scatter phonons.

In additional to a material performance for thermoelectricity factors such as the mechanical strength,
thermal stability, toxicity, abundance of constituent elements and cost effectiveness are important factors
to be considered today during material selection for thermoelectric devices.

1.1.6

Thermoelectric Applications

Thermoelectric applications cut across various industries including automotive, aerospace and defense,
medical, oil and gas, mining, telecommunication, as well as the direct household users. In broad terms,
these applications are based on solid-state power conversion, cooling and temperature control by
thermoelectric devices. For example, radioisotope thermoelectric generators generating up to 0.3 KW of
electrical power by solid-state power conversion of 4.4 KW of thermal output are power sources in space
probes and satellites where conventional power sources are impractical or otherwise at a disadvantage [47].
Thermoelectric generators harnessing waste heat is a technological innovation mitigating energy waste with
broad potential future impacts in the automobile, and oil and gas industries [48–51]. Polymerase chain
reaction equipment for DNA amplifications uses thermoelectric devices for thermal cycling [52]. Besides
the niche applications, there are thermoelectric applications for thermal management in electronics,
personalized cooling and thermal comfort, detectors and sensor technologies, wine chillers, wrist watches
which are increasingly ubiquitous [3,53].
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1.2

Introduction to Bi2Te3 alloys

The crystal structure of isostructural n-type Bi2Te2.7Se0.3 and p-type Bi0.5Sb1.5Te3 is shown in Figure 10.
̅ m, and the basis consists of layers of Te/Se[1] –Bi/Sb –
The lattice is rhombohedral with space group R3
Te/Se[2] –Bi/Sb –Te/Se[1] with van der Waals bonds between adjacent Te/Se layers, as shown in Figure 10.
This weak bond and easily cleaved plane along the (00l) plane, leads to relatively poor mechanical strength
of single-crystal alloys [4,54,55]. These materials have a relatively large c/a lattice constant ratio (~ 6.96
and 7.11 for Bi2Te2.7Se0.3 and Bi0.5Sb1.5Te3, respectively). There are three formula units for Bi2Te2.7Se0.3 and
Bi0.5Sb1.5Te3 in each rhombohedral unit cell with atoms in the positions shown in Table 1. A summary of
the crystallographic information obtained from Rietveld refinement of powder XRD data of the alloys is
shown in Table 2.

Figure 10. The crystal structure of (a) Bi2Te2.7Se2.3 and (b) Bi0.5Sb1.5Te3.
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Table 1. Atomic coordinates and occupancy for Bi2Te2.7Se0.3 and Bi0.5Sb1.5Te3.
p-type Bi0.5Sb1.5Te3

n-type Bi2Te2.7Se0.3
Atoms

Wyckoff
symbol

x

y

z

frac

Mult

Atoms

x

y

z

frac

Mult

Bi3+

Wyckoff
symbol
6c

Bi3+

6c

0

0

0.39966(17)

1

6

0

0

0.39885(18)

0.25

6

Te2-

3a

0

0

0

0.9

3

Sb3+

6c

0

0

0.39885(18)

0.75

6

3a

0

0

0

1

3

6c

0

0

0.21207(14)

1

6

2-

3a

0

0

0

0.1

3

Te2-

Te2-

6c

0

0

0.78969(13)

0.9

6

Te2-

2-

6c

0

0

0.78969(13)

0.1

6

Se

Se

Table 2. Crystallographic information for Bi2Te2.7Se0.3 and Bi0.5Sb1.5Te3.
n-type Bi2Te2.7Se0.3

p-type Bi2Te2.7Se0.3

a = b (Å)

4.3559(7)

4.2735(16)

c (Å)

30.3298(20)

30.367(5)

α = β (o)

90

90

γ( )

120

120

V (Å3)

498.37(11)

480.29(26)

7.8584

6.9484

o

3

Dcal (g/cm )

The crystal structure of Bi2Te3 alloys leads to anisotropy in the transport properties. In the lower temperature
region (< 450 k), however, Bi2Te3-based alloys offer the most competitive advantage in ZT, which led to
practical utilization of these materials in thermoelectric devices for near-room temperature thermal
management, cooling and waste heat recovery [56,57]. The thermoelectric properties of Bi2Te3-based alloys
are more favorable along the a-b plane compared to the perpendicular direction (along the c-axis). For
single-crystal Bi2Te3, for example, the ratio of the in-plane to the out-of-plane σ and κ is 5 and 2,
respectively [58,59]. The relatively weak mechanical strength of large single crystals makes oriented
polycrystalline bulk Bi2Te3 alloy materials more desirable, however, thermoelectric properties recoverable
from such anisotropic polycrystalline materials are related to crystallographic texture (orientation) of the
grains. It is therefore of interest to investigate how the orientation distribution of grains correlates with the
thermoelectric transport properties of these materials.
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1.2.1

Anisotropy transport of Bi2Te3

Studies as far back as from the 1950s critically investigated the anisotropic transport properties observed
in Bi2Te3 [60–66]. For example, the ratio of 𝜎 measured perpendicular to that measured parallel to the caxis is almost 4 and the ratio of Hall coefficient measured perpendicular to that measured parallel to the caxis is almost 3 for Bi2Te3 [62]. The two different values in the different crystal directions cannot be
explained assuming an isotropic effective mass near the conduction or valence bands extrema where the
dispersion relation is given as
𝐸=

ℏ2 𝒌2

(1.42)

2𝑚 ∗

Here E is the electron energy that has a parabolic dependence on the wave vector, 𝒌, with an effective mass
𝑚 ∗ for electron or hole mass in the crystal. Instead, the many-valley model explains the transport well, and
the anisotropy transport properties observed in Bi2Te3 alloys are corroborated by experimental results
[60,62]. In this model, the electron effective mass is considered to be different in different crystal directions.
The minimum energy does not occur at 𝒌 = 0 but at a point (a, b, c), so that the dispersion relation is of the
form [60,62]
ℏ2

(𝑘𝑥′ −𝑎)

𝐸 = ( 2 )(

𝑚1

2

+

′ −𝑏)2
(𝑘𝑦

𝑚2

+

(𝑘𝑧′ −𝑐)2
𝑚3

)

(1.43)

Here, the surface of constant energy is an ellipsoid centered at (a, b, c). There are similar ellipsoids with
centers at equivalent points in the reciprocal space that are related to point (a, b, c) by the symmetry
operations of the crystal. For Bi2Te3 with the hexagonal structure type, there are three energy minima related
by a three-fold rotational symmetry and three others by the inversion operation [62]. A six-valley model in
which the energy minima are on the reflection planes which pass through the three-fold rotation axis has
been successfully applied to account for the anisotropy in Bi 2Te3, in good agreement with the different 𝜎
and Hall coefficient values when measured in the parallel and perpendicular directions to the c-axis [58,61–
63]. For example, the ratio of the inertia effective mass (electron effective mass along the crystallographic
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axes) parallel to that perpendicular to the c-axis is 2.81 and 2.57 for the n-type Bi2Te3 and p-type Bi2Te3,
respectively [58], indicating the higher 𝜎 perpendicular to the c-axis in Bi2Te3 is due to the relatively low
m* of electron in the perpendicular direction to the c-axis that results in higher charge mobility.

1.3

Crystallographic Texture Characterization

Texture, in material science, refers to the distribution of the crystallographic orientations of grains in a
polycrystalline material. A material in which these orientations are totally random has no distinct texture
(no preferred orientation). The crystallographic direction of grains in a polycrystalline material may,
however, not be random but have some preferred orientation. The degree of orientation is dependent on the
percentage of grains having the preferred orientation. For a single crystal, all grains are perfectly oriented
in a preferred direction. Frequently the relative “organization” of the grains in polycrystal solids results in
the directional dependence of many macroscopic physical properties arising from geometrical or structural
necessity. That is, the bulk material is anisotropic due to the anisotropy of the individual grains that arises
from the arrangement of atoms in the structure. The anisotropy of mechanical properties (including strength,
elastic constants, Young’s modulus, creep and susceptibility) of textured materials have been studied
[67,68]. The thermoelectric properties in structurally anisotropic polycrystalline materials, such as the
Bi2Te3 alloys also depend on grain orientation.
The texture of polycrystalline materials may be random, fiber, biaxial or rolled [67,68]. Texture
measurements employ X-ray, neutron or electron diffraction-based methods [69] . Certain techniques
provide the global texture (macrotexture) based on statistical diffraction data, such as utilizing a 4-circle
diffractometer consisting of x-ray and neutron source goniometer, while other techniques measure the
individual orientation of grains, known as local texture or microtexture, such as the electron backscatter
diffraction (EBSD) method [68,70].
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Prior to the emergence of the importance and relevance of texture analysis, primarily metallurgists and
geologists were concerned with crystallographic texture in a variety of materials [68]. More advanced and
complete texture analyses utilize 4-cicle diffractometer and area detectors, that are not readily available as
compared with standard powder X-ray diffraction techniques. Such advanced techniques require pole figure
data [67]. Using a standard 2-circle diffractometer such as will be described in the next section, we can also
perform accurate texture studies [71,72].
The Orientation distribution function (ODF) of a specimen gives the volume fraction of crystallites or grains
with a certain orientation. The ODF is typically determined from pole figures data [67], however
determination of the ODF can be ambiguous as the fundamental equations of texture analysis related to the
ODF has no unique solution even if more pole figures are collected. That is, several ODFs can be found for
a set of collected pole figures. This ambiguity is larger for less textured polycrystalline materials, while the
variation width is very small for strong texture allowing for a solution that is almost unique [70].
Most of the texture related investigations for Bi2Te3 alloys are solely based on Lotgering F factor calculated
from θ-2θ XRD data from one surface of the specimen (see Table 3) [53,90]. The calculated F factor may
be limited in information regarding the relative orientation of grains that is typically important in order to
optimize a material synthesis or processing conditions.
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Table 3. Lotgering orientation factor for Bi2Te3 alloys from previous reports.
Lotgering factor F
F(00l) = 0.0081
F(00l) = 0.010; 0.525
F(00l) = 0.082
F(00l) = 0.17; 0.1
Fmax(00l) = 0.12
Fmax(00l) = 0.13
Fmax(00l) = 0.14
Fmax(00l) = 0.15
Fmax(00l) = 0.15
Fmax(00l) = 0.15
Fmax (00l) = 0.169
Fmax(00l) = 0.18
Fmax(00l) = 0.19
Fmax(00l) = 0.20
Fmax(00l) = 0.23
Fmax(00l) = 0.27
Fmax(00l) = 0.28
Fmax(00l) = 0.28
Fmax(00l) = 0.28
Fmax(00l) = 0.29
Fmax(00l) = 0.29
Fmax(00l) = 0.33
Fmax(00l) = 0.35
Fmax(00l) = 0.46
Fmax(00l) = 0.48
Fmax(00l) = 0.48
Fmax(00l) = 0.5
F(00l) = 0.525
Fmax(00l) = 0.619
Fmax(00l) = 0.63
Fmax(00l) = 0.67
Fmax(00l) = 0.67
Fmax(00l) = 0.7
Fmax(00l) = 0.7
Fmax(00l) = 0.75
Fmax(00l) = 0.79
Fmax(00l) = 0.85
F(00l) = 0.85
Fmax(00l) = 0.9
Fmax(00l) = 0.93

Synthesis method
MA-HP
VBM; HPT
MA-HP
Spark plasma texturization
MA-SPS
MA- SPS
MA-HP
DR-SPS
DR-HP, AgSbTe2 addition
Gas atomization-SPS
MA-HP-Extru.
DR-HP
DR-HP
DR-HD
DR-Hot Extru.
DR-Die casting
MA-Angular Extru.
MSS-SPS
DR-HD
DR-HD
DR-HP
DR-MA-HP-HD
MA-HP
DR-SPS
DR-HD
DR-HP-HD
DR-MA-HP-HD
VBM-HPT
MA followed by deformation by HPT
MA-Shear Extru.
DR-MA-SPS
MA-Shear Extru.
MA-Shear Extru.
BM-Pulse current hot pressing
DR- powder metallurgy approach
unidirectional crystal-growth method
BM-Pulse current hot pressing
ZM-SPS
DR-High pressure and temperature apparatus
MA-HD

Type
p-type
p-type
p-type
n; p-type
p-type
n-type
p-type
n-type
p-type
n-type
n-type
p-type
p-type
n-type
n-type
n-type
n-type
n-type
p-type
p-type
n-type
n-type
n-type
n-type
n-type
n-type
n-type
p-type
p-type
p-type
n-type
n-type
n-type
p-type
p-type
p-type
n-type
n-type
n-type
p-type

Ref.
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[104]
[105]
[106]
[107]
[105]
[108]
[109]
[110]

MA: Mechanical Alloy, DR: Direct Reaction, MSS: Microwave-solvothermal Synthesis, HP: Hot Press, HD: Hot
deformation, HPT: High Pressure Torsion, SPS: Spark Plasma Sintering, Extru.: Extrusion, VBM: Vertical
Bridgman, ZM: Zone Melting, BM: Ball Milling
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1.3.1

Background, Techniques, and Instrumentation

The X-ray diffraction ω-scan, also known as rocking curve, technique has been utilized since 1921, although
more so in last few decades [111,112]. In the rocking curve experiment for texture measurements, the
specimen is rocked through the range of angles 𝜃𝐵 − 𝜔 to 𝜃𝐵 + 𝜔, while recording the intensity of a Bragg
peak corresponding to the preferred oriented plane. The ω-scan therefore probes orientation of one type i.e,
a family of lattice planes. The full width at half maximum (FWHM) of the rocking curve is a measure of
the quality of grain orientation of the specimen. The rocking curve of an ideal randomly oriented specimen
has no peak but constant intensity level, while a perfect single crystal has a rocking curve FWHM of zero
i.e., only an instrumental broadening [111,113,114].
For the data collected in this thesis, the diffractometer for XRD data collection is in the Bragg Brentano
geometry. In this geometry, as shown in Figure 11, the Bragg’s condition for diffraction is 2 𝑑 sin 𝜃𝐵 =
𝑚𝜆, where d is the interplanar distance, 𝜃𝐵 is the angle of incidence of the X-ray beam known as the Bragg
angle and m is an integer. A diffraction intensity peak is observed when the diffraction vector (normal to
the specimen) is both normal to {hkl} planes of spacing d, and has magnitude 1/d [115]. For the ω-scan,
the specimen is titled out of symmetric geometry and the rocking curves are corrected for defocusing and
absorption using TexturePlus software [71]. However, for a highly oriented bulk polycrystalline material
such as the investigated Bi2Te3 alloys, the raw and corrected rocking curves are almost identical with no
significant difference in FWHM [69]. For the rocking curve experiment to characterize the texturing of the
Bi2Te3 alloys described in this thesis, a fixed incident geometry was used. The incident slit size was selected
in order to ensure data was collected from a representative amount of specimen. The slit widths used were
a utilizing a 0.6 mm incident slit and a 0.225 mm receiving slit.
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(a)

(b)

(c)
Figure 11. (a) Schematic of the XRD geometry for symmetric (Bragg Brentano) specimen orientation, (b)
schematic of the XRD geometry with positive specimen tilt, ω, and (c) photograph of a specimen mounted
on the diffractometer.
It is worth noting that in the case of perfect axisymmetric texture (also known as fiber texture), the rocking
curve data can be modeled with the March-Dollase equation, allowing for a quantitative comparison of the
degree of orientation from rocking curve measurements with results from pole figure measurements
[72,116,117].
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1.3.2

Lotgering Orientation Factor

In 1959 F.K. Lotgering defined a quality factor, F, for the preferred orientation of the grains of a
polycrystalline material [118] that can be computed from XRD θ-2θ data. The F values for diffraction
peaks between 15o and 70o were calculated using
𝐹=

𝑃−𝑃𝑜
1− 𝑃𝑜

,

(1.44)

where 𝑃𝑜 = ∑ 𝐼0 (00𝑙 )/ ∑ 𝐼𝑜 (ℎ𝑘𝑙 ), 𝑃 = ∑ 𝐼 (00𝑙 )/ ∑ 𝐼 (ℎ𝑘𝑙 ), and 𝐼 and 𝐼0 are the peak integrated intensities
for the textured and randomly oriented specimen, respectively. Other preferred orientation directions can
be analyzed by replacing (00l) with the corresponding planes. An F value of zero indicates that grains are
randomly oriented, whereas an F value of 1.0 indicates a perfect orientation of all grains. Texture cannot
be defined by a single parameter, rather by the orientation distribution function. Therefore, F was
established as a quality factor for estimating the degree of orientation semi-quantitatively, and is particularly
useful for accurate comparisons of the preferred orientation of a series of specimens that, for example, were
processed differently thus leading to different texturing. Calculation of the F factor is a common method
utilized for grain orientation (see Table 3), particularly because of the limitations and complexity in
determining the orientation distribution functions for a series of specimens.

In the next chapter I present the results and analyses of an investigation into grain orientation as well as
texture-transport property relationships of polycrystalline Bi2Te3 alloys in view of the optimized
thermoelectric properties with texturing for these materials.
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Chapter Two:
Textured Bi2Te3 alloys: Grain Orientation and Transport Property Relationships
2.1

Investigational Approaches

From chapter one it is evident that Bi2Te3-based materials exhibit anisotropic transport properties that result
of the arrangement of atoms in the structure, and adequate knowledge of the orientational distribution of
grains in a bulk polycrystalline Bi2Te3 alloy will be necessary in order to tailor the thermoelectric properties
of this TE material. Texture studies on Bi2Te3 alloys and similar inorganic crystalline solid-state materials
using the standard X-ray powder diffractometer, that are readily more available and accessible are rare. In
particular for the Bi2Te3 material system, most studies focused on calculating the texture quality factor in
the [00l] direction only. In this thesis, n-type Bi2Te2.7Se0.3 and p-type Bi0.5Sb1.5Te3 in use in thermoelectric
devices were investigated. For completeness, texture measurements and analyses in both the parallel and
perpendicular directions to the ingot growth direction were done for these polycrystalline bulk materials.
These materials were prepared from the melt [4,30] and provided for investigation by II-VI Inc.1 XRD data
were collected with a Bruker-AXS D8 Focus diffractometer in Bragg-Brentano geometry. The specific
details of the techniques employed were outlined in chapter one. Optical micrographs of polished surfaces
of the specimens were obtained using a Nikon Metallographic optical microscope, and temperaturedependent transport properties measurements for the investigated Bi2Te3 alloys were accomplished using a
modified Harmon technique [119].

_________________
1

Portions of this chapter have been previously published, O.P. Ojo, A. Thompson, G.S. Nolas, Mater. Sci. Semicond.
Process. 133, 105979 (2021). [19]
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Ingot
growth
direction

Figure 12. Schematic illustrating the longitudinal section (yellow arrows) and the transverse section (green
arrows) relative to the ingot growth direction for the specimens.
Figure 12 is a schematic illustrating the longitudinal section, transverse section and the ingot growth
direction. These terms will be frequently referred to throughout this thesis. The XRD data from a surface
of a specimen was collected at least twice by rotating the specimen through angle ϕ, which is referred to as
the in-plane rotation of the specimen.

2.2

Data Analyses and Discussions
2.2.1

N-type Bi2Te2.7Se0.3

An optical microscope was used to investigate the surface morphology of n-type Bi2Te2.7Se0.3. The
micrograph from surface parallel to the ingot growth direction indicates the size of the plate-like grains, as
shown in Figure 13(a), while strong grain alignment is directly observed from the surface perpendicular to
the ingot growth direction, as shown in Figure 13(b). In addition to the relatively large grain size, grain
misorientations, tilt and morphology are reasons why texture analyses based on XRD measurement are
typically undertaken perpendicular to the growth direction (corresponding to the (00l) planes).
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Figure 13. Optical micrographs of n-type Bi2Te2.7Se0.3 taken (a) parallel to the ingot growth direction and
(b) perpendicular to the ingot growth direction. Reprinted with permission from reference [19]. Copyright
2021 Elsevier.

Figure 14 shows the 𝜃-2𝜃 XRD data from a longitudinal section (illustrated in Figure 12) of Bi 2Te2.7Se0.3.
XRD data for the specimen at 0o and180o in-plane rotations alongside the data for powder Bi2Te2.7Se0.3 are
shown. The XRD pattern of the powder specimen was indexed to the Rhombohedral crystal structure type
̅ m. As shown in the figure, the peaks corresponding to the (00l) planes are more intense
with space group R3
compared to the intensity of the XRD data indicating a preference for preferred orientation of the (00l)
planes perpendicular to the ingot growth direction. The Lotgering factor, F, is 0.98 and 0.91 for ϕ = 0o and
180o, respectively. The high F values, close to the maximum value of F = 1 for perfect orientation of all
grains as in a single crystal, indicates the strong texturing of the basal planes (00l). Small tilt misorientation
of grains and potential misalignment from specimen preparation (cutting) may lead to an underestimation
of F [107]. XRD rocking curve measurements were therefore also employed to overcome these potential
issues.
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Figure 14. XRD data for a longitudinal section of the n-type Bi2Te2.7Se0.3 specimen at ϕ = 0o and 180o.
Reprinted with permission from reference [19]. Copyright 2021 Elsevier.

Figure 15 shows the (00.15) XRD rocking curve (Bragg 2θ = 44.8o) for the n-type Bi2Te2.7Se0.3 from several
cut pieces. The small full width at half maximum, FWHM, value (0.67) indicates a very high degree of
orientation of the grains in the [001] direction. In fact, this value is comparable to that for high quality bulk
single crystals [120]. A small angle tilt or misorientation of about 1.5o is observed, as shown in Figure 15,
potentially from specimen preparation as described above. A near-constant level of intensity for the XRD
RC (Figure 16) is observed for the powder Bi2Te2.7Se0.3 specimen where the crystallographic orientations
of grains are random, which agrees well with the theoretical basis that the rocking curve of ideally randomly
oriented grains would show a near-constant intensity level, i.e. a horizontal line [71,112,114].
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Figure 15. XRD rocking curve data for a longitudinal section of n-type type Bi2Te2.7Se0.3 at ϕ = 0o and 180o.
Reprinted with permission from reference [19]. Copyright 2021 Elsevier.
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Figure 16. XRD rocking curve data of powder n-type Bi2Te2.7Se0.3 showing a near-constant level intensity.
Reprinted with permission from reference [19]. Copyright 2021 Elsevier.

The transverse section (illustrated in Figure 12) is rarely investigated for Bi2Te3 alloys, however, in order
to perform a complete investigation, we investigated the transverse section of these melt-grown ingot as
well. Figure 17 shows the XRD data from a transverse section of the n-type Bi2Te2.7Se0.3. XRD data for the
specimen at 0o, 90o, 180o and 270o in-plane rotations, alongside the collected data for powder Bi2Te2.7Se0.3,
are shown in the figure. The peaks shown in Figure 17 corresponding to the (110) and (220) planes are
30

more intense compared to that of the powder specimen indicating the preference of preferred orientation of
the [110] direction parallel to the ingot growth direction. The F values are 0.45, 0.41, 0.45 and 0.38 for ϕ =
0o, 90o, 180o and 270o, respectively. Directly comparing these F values to that for the (00l) preferred
orientation described above, the strong texturing of the basal planes that is comparable to the case for a
single crystal is not observed for the {110} planes from investigation of the transverse section. However,
the data clearly indicates that the n-type material is also significantly oriented along [110]. To further
investigate the average orientational distribution of the grains with respect to the [110] direction (Bragg 2θ
= 41.4o) we analyzed the rocking curve XRD data as shown in Figure 18. The data shows multiple peaks,
or rocking curve scattering, and peak shift consistent with the low F for this orientation. A FWHM value is
not reported due to the multiple peaks. The multiple peaks indicate large tilt or misorientation of the grains.
Rocking curve experiments require sufficient specimen size (surface area) for meaningful and
representative data. The estimated length of a specimen irradiated during data collection can be calculated
[115]. Due to a larger surface area for the transverse section of the specimen, more data is collected in this
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section (ϕ = 0o, 90o, 1800, 270o), unlike that for the longitudinal section with ϕ = 0o and 1800.
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Figure 17. XRD data for a transverse section of the n-type Bi2Te2.7Se0.3 specimen at ϕ = 0o, 90o, 180o and
270o.
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Figure 18. XRD rocking curve data of (110) from a transverse section of n-type type Bi2Te2.7Se0.3 at ϕ = 0o,
90o,180o and 270o.

Room temperature transport properties were investigated both in the transverse and longitudinal directions
to illustrate the influence of texture on the thermoelectric transport properties of the n-type Bi2Te2.7Se0.3
material. As shown in Table 4, 𝜎 has higher anisotropy while there was no significant difference in S when
measured in the parallel and perpendicular directions to the ingot growth direction. Similar investigations
of the texture-transport properties relationships described above are carried out for the p-type Bi0.5Sb1.5Te3
material, as described below.
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Table 4. Room temperature anisotropic factor for n-type Bi2Te2.7Se0.3 measured parallel (∥) and
perpendicular (⊥) to the ingot growth directions.

∥ / ⊥

𝛼∥ /𝛼⊥

𝜅∥ /𝜅⊥

𝑍𝑇∥ /𝑍𝑇⊥

2.1

1.0

1.3

1.6

2.2.2

P-type Bi0.5Sb1.5Te3

As in the case of the n-type material, optical microscopy was employed to investigate the surface
morphology of the p-type Bi0.5Sb1.5Te3 melt-grown ingot. From well-polished surfaces of the specimen, the
micrograph from surface parallel to the ingot growth direction indicates the size of the plate-like grains
while strong grain alignment is directly observed from the surface perpendicular to the ingot growth
direction, as shown in Figure 19.

(a)

(b)

Figure 19. Optical micrographs of p-type Bi0.5Sb1.5Te3 taken (a) parallel to the ingot growth direction and
(b) perpendicular to the ingot growth direction. Reprinted with permission from reference [19]. Copyright
2021 Elsevier.
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Figure 20 shows the XRD data from a longitudinal section (illustrated in Figure 12) of Bi0.5Sb1.5Te3 at 0o
and 180o in-plane rotations of the specimen, together with powder XRD for Bi0.5Sb1.5Te3. The powder XRD
̅ m. As
pattern of the specimen was indexed to the Rhombohedral crystal structure type with space group R3
shown in the figure, the peaks corresponding to the (00l) planes are more intense compared to those for the
powder XRD data, indicating the preferred orientation of the (00l) planes perpendicular to the ingot growth
direction. The F values are 0.81 and 0.60 for ϕ = 0o and 180o, respectively. These F values, although
relatively very high, are smaller than those for the n-type material described above, indicating the n-type
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material investigated is more oriented along (00l) than the p-type material.
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Figure 20. XRD data from a longitudinal section of the p-type Bi0.5Sb1.5Te3 specimen at 0o and 180o inplane rotation of the specimen. Reprinted with permission from reference [19]. Copyright 2021 Elsevier.

Figure 21 shows the (00l) XRD rocking curve (Bragg 2θ = 46.6o) for the p-type Bi0.5Sb1.5Te3 from several
cut pieces. The relatively small FWHM (1.3o) indicates the high degree of orientation of the grains in the
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[00l] direction. The lesser degree of the orientation of the p-type material along (00l) compared to the ntype is again reflected in the higher FWHM value of the p-type material. The observed shift in the rocking
curve maximum, as shown in Figure 21 is mainly due to deviation of the texture axis from the specimen
normal.
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Figure 21. XRD rocking curve (00l) data from a longitudinal section of p-type Bi0.5Sb1.5Te3 at ϕ = 0o and
180o. Reprinted with permission from reference [19]. Copyright 2021 Elsevier.

As investigated for the n-type material, for a complete study we investigated the crystallographic texture of
the transverse section of the p-type Bi0.5Sb1.5Te3 material. Figure 22 shows the XRD data from a transverse
section (illustrated in Figure 12) of p-type Bi0.5Sb1.5Te3. The XRD data at 0o, 90o, 180o and 270o in-plane
rotations is shown in the figure, alongside powder XRD data for Bi0.5Sb1.5Te3. As shown in the figure, the
peaks corresponding to the (110) and (220) planes are more intense compared to that of the powder XRD
data, indicating the preferred orientation of the [110] planes parallel to the ingot growth direction. The F
values are 0.14, 0.12, 0.10 and 0.05 for ϕ = 0o, 90o, 180o and 270o, respectively. To further investigate the
average orientational distribution of the grains with respect to the [110] direction, XRD rocking curve data
(Bragg 2θ = 42.2o) were collected as shown in Figure 23. The much lower F values are in agreement with
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the rocking curve data as the maximum intensity is mostly shifted from the ω = 0 point, in addition to more
multiple peaks resulting from large angle tilts and misorientations. As shown in Figure 22, the XRD data
of the transverse section indicates preferred orientation of other diffracting planes (e.g. (015) and (300))
parallel to the ingot growth direction for this p-type material, with F value as large as 0.30. The rocking
curve data (Figure 23) correspondingly shows a broad distribution of grain tilts up to 20o. The melt-grown
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p-type Bi0.5Sb1.5Te3 material therefore shows significant competing preferred orientation of the grains.
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Figure 22. XRD data for a transverse section of the p-type Bi0.5Sb1.5Te3 specimen at ϕ = 0o, 90o, 180o and
270o. Reprinted with permission from reference [19]. Copyright 2021 Elsevier.
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Figure 23. XRD rocking curve data from a transverse section of p-type type Bi0.5Sb1.5Te3 at ϕ = 0o, 90o,180o
and 270o.

Similarly, as carried out for the n-type Bi2Te2.7Se0.3, room temperature transport properties were
investigated both in the transverse and longitudinal directions to illustrate the influence of texture on the
thermoelectric transport properties of p-type Bi0.5Sb1.5Te3. As shown in Table 5, the trend in the anisotropy
is similar to that for the n-type material where the 𝜎 has higher anisotropy while there was no significant
difference in S when measured in the parallel and perpendicular directions to the ingot growth direction.
The anisotropy for  , 𝜅 and ZT are somewhat larger for p-type material compared to that of the n-type.
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Table 5. Room temperature anisotropic factor for p-type Bi0.5Sb1.5Te3 measured parallel (∥) and
perpendicular (⊥) to the ingot growth directions.

∥ / ⊥

𝛼∥ /𝛼⊥

𝜅∥ /𝜅⊥

𝑍𝑇∥ /𝑍𝑇⊥

2.6

1.0

1.4

1.8

2.2.3

Impact of Grain Orientation on Thermoelectric Transport Properties

Figure 24 shows temperature-dependent transport properties for the textured n-type Bi2Te2.7Se0.3 and p-type
Bi0.5Sb1.5Te3 measured in the thermoelectric favorable direction, i.e. perpendicular to c-axis (along the ingot
growth direction). Although 𝜅 is marginally higher, the power factor (𝑆 2 𝜎) is 79 % and 49 % higher
compared to ball mill and hot-pressed materials, respectively. The loss in texture from the processing
conditions (ball mill and hot press) leads to inferior thermoelectric performance of the alloys. For the ingots
prepared from the melt, room temperature thermoelectric power factor is 4.5 x 10-3 W K-2m-1 and 4.0 x 103

W K-2 m-1 for the of n and p-type materials, respectively, with 𝜅 values of 1.5 W m-1 K-1 and 1.4 W m-1 K-

1

for the of n and p-type materials, respectively. For comparisons the ball mill and hot-pressed materials

have power factor values of 2.5 x 10-3 W K-2m-1 and 2.7 x 10-3 W K-2 m-1 for the of n and p-type materials,
respectively, with 𝜅 value of 1.1 W m-1 K-1 for the n-type material [110,121]. The impact of the grain
alignment, particularly for 𝜎 (see Tables 4 and 5), results in superior ZT values for the melt-grown materials.
Charge mobility is also higher along the ingot growth direction (a-b plane) relative to the perpendicular
direction [62].
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Figure 24. Temperature dependent (a) 𝜎, (b) modulus of 𝛼, (c) 𝜅, and (d) ZT for n-type Bi2Te2.7Se0.3 (circles)
and p-type Bi0.5Sb1.5Te3 (triangles) measured along the ingot growth direction, i.e. perpendicular to the caxis. The schematic below illustrates the [001] and the [110] planes perpendicular and parallel to the ingot
growth direction, respectively. Reprinted with permission from reference [19]. Copyright 2021 Elsevier.
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Chapter Three:
Conclusion
This thesis described materials that are currently in use in thermoelectric devices, n-type Bi2Te2.7Se0.3 and
p-type Bi0.5Sb1.5Te3, elucidating the degree of preferred orientation of the grains and the impact of such
crystallographic texturing on thermoelectric and transport properties of these polycrystalline materials.
Employing X-ray diffraction-based techniques, grain orientation was investigated both in the longitudinal
(ingot growth direction) and the transverse sections of large grain polycrystalline bulk materials prepared
from the melt. The study indicated that the basal planes, [00l], of the rhombohedral crystal structure were
preferentially oriented perpendicular and the [110] were preferentially oriented parallel to the ingot growth
direction. Small rocking curve FWHM values and high orientation factors indicated that these materials are
strongly oriented along (00l), with the n-type material in particular comparable to that of high-quality bulk
single crystals. Enhanced ZT along the ingot growth direction, relative to the perpendicular direction, is
primarily due to higher σ in the growth direction. For bismuth telluride-based alloys, as well as other
anisotropic materials where transport properties vary with crystallographic direction, strong grain texturing
is required to obtain the optimum thermoelectric performance for such materials regardless of doping or
other thermoelectric performance enhancement strategies. With regards to future work and direction,
thermoelectric performance enhancement via texture control for newly emerging materials at their optimum
temperatures will be beneficial. This study expands our understanding of these materials, employing
standard equipment readily available for characterization thus providing a platform for further
investigations on other anisotropic thermoelectric materials.
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